Photoemission studies of the annealing induced modifications of (GaMn)As 
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Using angle resolved photoemission we have investigated annealing-induced changes in 
Gai- x Mn x As with x = 0.05. We find that the position of the Fermi energy is a function of 
annealing time and temperature. It is also established that the Curie temperature is strongly cor- 
related to the separation between the Fermi level and the valence band maximum. Valence band 
photoemission shows that the Mn3d spectrum is modified by the annealing treatments. 



The III-V ferromagnetic semiconductor (GaMn)As has 
attracted much attention over recent years, both due to 
possible applications integrating magnetic and electronic 
properties, and because of the scientific challenge posed 
by its unusual properties. One parameter of great in- 
terest is the Curie temperature (T c ). It is desirable, 
in particular when considering applications, to be able 
to control and increase T c above room temperature. 
Typical T c values for as-grown (GaMn)As are in the 
range 30-80 K. Several factors which influence T c have 
been identified, e.g. the Mn concentration^, point de- 
fects and the (GaMn)As layer thickness^. In particu- 
lar point defects have been a subject of increasing in- 
terest, as their limiting influence on ferromagnetism in 
(GaMn)As has been recognized from post-growth anneal- 
ing experiments 3 . Thus, by optimal annealing (with re- 
spect to time and temperature), the T c can be increased 
from below 100 K to around 150 Excessive annealing 
results in deteriorating ferromagnetism. The aim of this 
study was to investigate how the electronic properties 
of (GaMn)As are modified by annealing. In particular 
the Fermi energy (Ep) and the valence band (VB) have 
been studied as functions of annealing and the results are 
directly related to the modifications of the Curie temper- 
ature. 

The experiments were performed at the MAX I electron 
storage ring at the Swedish National Synchrotron Radi- 
ation Center MAX-lab, using BL41. The end station at 
this beamline includes an on-line MBE system, a particu- 
larly important asset for the present study since it allows 
the samples to be transferred from the MBE to the pho- 
toemission chamber under UHV conditions. Thus the 
samples can be investigated without any surface clean- 
ing or other preparation treatments. During the transfer 
between the growth and analysis chambers the pressure 
was in the range of 10 -9 torr, while in the photoemission 
chamber the pressure was in the low 10~ 10 torr range. 
The MBE system was equipped with five Knudsen cells 
and a valved As2 cracker source. A 10 keV RHEED 
system was used to monitor the growth. The (GaMn)As 



layers were grown on 10x10 mm 2 n-type GaAs substrates, 
which were In-glued on Mo-blocks. The sample prepara- 
tion was done by low temperature MBE at a substrate 
temperature of 230° C. The growth rate and the Ga/Mn 
fraction were determined from RHEED oscillations. The 
(GaMn)As layers were typically 1000 A thick and the Mn 
content was chosen to be 5 %. Since this was obtained 
from RHEED oscillations it only reflects Mn atoms in- 
corporated in GaAs lattice sites. X-ray diffraction data 
for such samples has also shown that the material has 
high crystallographic quality^. 

Two sets of annealing data are reported here. In the 
first set a single layer was annealed at sequentially in- 
creased temperatures. The time of the annealing treat- 
ments was 10 minutes at each temperature. In the sec- 
ond set three different samples were annealed at differ- 
ent temperatures for one hour each. These samples were 
then characterized with respect to magnetization using a 
superconducting quantum interference device (SQUID). 
For all of the samples valence band spectra and As3d 
spectra were recorded after each annealing. In each case 
the Fermi energy was determined from a Ta-foil in con- 
tact with the sample. 

One of the most important characteristics of semicon- 
ductor materials is the energy difference between the va- 
lence band maximum (VBM) and the Fermi level (Ep). 
In p-type materials it reflects the activation energy of 
charge carriers (holes), which are known to mediate the 
Mn spin ordering in (GaMn)As. Since it is quite diffi- 
cult to extract the precise VBM position from valence 
band spectra, we used the bulk component in the As3d 
core level spectrum as a probe of the electrostatic poten- 
tial. Assuming that the energy difference between the 
VBM and the As3d is constant, the As3d shifts directly 
reflect changes in the energy difference between Ep and 
VBM. In this context it is important to stress that the 
effects of surface Fermi level pinning, normally dominant 
in clean semiconductors, can be safely ignored due to the 
very high density of bulk defects^. To identify the bulk 
component in the As3d spectrum we applied a numerical 
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FIG. 1: Normal emission core level spectra of As3d in 
Gao.95Mno.05As for different stages in the sequential anneal- 
ing process. All of the spectra were excited by 81eV photons. 
The spectra are aligned in energy to show the consistent be- 
havior of the different components. 



spectral fitting procedure on a wide set of data. In fig- 
ure 1 a set of As3d spectra is shown together with their 
decompositions. The decompositions are basically the 
same as for low temperature grown GaAs (LT-GaAs) 6 . 
Prior to any annealing the spectrum contains four com- 
ponents. These can be ascribed to As atoms in the bulk 
(B), atoms in the last layer of the As-terminated crystal 
(SI and S2), and in an As adlayer adsorbed after growth 
(A) . The relative intensities of the different components 
change systematically with annealing. With an initial 
reduction and removal of component A, the surface re- 
construction changed from (lxl) to c(4x4) typical for the 
As rich GaAs(100) surface. Further annealing resulted 
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FIG. 2: Fermi level relative As3d as a function of annealing 
temperature. Open symbols representing enforced fitting with 
rigidly fixed separations between different components and 
filled symbols free optimum fittings. 



in a c(2x8) structure, also well known for As terminated 
GaAs(100) 

In Figure 2 we have plotted the binding energy of the 
As3d 3 / 2 bulk component relative to the Fermi level. We 
see that initially this binding energy is reduced on an- 
nealing. As argued above, the As3d shift reflects the lo- 
cal electronic potential, and can therefor be transferred 
to corresponding shifts of the VBM. Thus figure 2 shows 
that the Fermi level is lowered towards the VBM. This 
systematic lowering is observed for annealing tempera- 
tures up to around 350°C. Annealing at still higher tem- 
peratures results in the opposite effect - the Fermi level 
shifts up, away from the VBM. It is clear that the elec- 
tronic properties are changed by post growth annealing 
even at temperatures comparable to those applied during 
growth. 

Having established that the Fermi level, and thus also 
the hole density, is changed by annealing it is desirable to 
investigate the relation between the Fermi level position 
and magnetic properties. For this purpose three sam- 
ples were prepared using the same growth parameters 
(230° C substrate temperature and a Mn concentration 
of 5%) as for the sample discussed above. These samples 
were annealed at different temperatures and the Fermi 
level position was determined as previously. The Curie 
temperatures for the differently annealed samples were 
then determined ex situ using a SQUID. The T c values of 
our as-grown samples are similar to those reported in K. 
C. Ku et ali^ for layers with the same thickness, IOOOA. 
The annealed samples show lower T c than what might 
be expect. This is due to the fact that the annealing 
procedure was not optimized for this purpose and also 
because our annealings had to be performed under UHV 
conditions. The highest T c values are reached for samples 
annealed in atmospheric conditions. The photoemission 
results are fully consistent with those just discussed. The 
Fermi level is lowered by the first annealing and is then 
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FIG. 3: Fermi energy and Curie temperature for three samples 
annealed at different temperatures. 

raised after the larger " thermal dose" . Although the data 
set is admittedly limited, the results show a clear corre- 
lation between T c and Ep: thus the minimum position 
for the Fermi energy corresponds to a maximum value 
for the Curie temperature. This is reasonable consider- 
ing that a low Fermi energy should give a higher density 
of holes in the valence band£, which in turn could be ex- 
pected to more effectively couple the Mn spins resulting 
in a higher T c valued. 

When comparing the results of annealing (GaMn)As 
presented in figure 2 and in figure 3 it is apparent that 
the minimum for the Fermi energy occurs at different 
annealing temperatures. This is due to the fact that the 
annealing procedures were different in the two cases. We 
have not carried out any systematic studies of this effect, 
but it appears that a similar effect can be achieved by 
either high temperature^ or by long annealing time^. It 
is rather the "thermal dose" than a certain temperature 
that should be considered within the range of conditions 
used here. 

For the sequentially heated sample we also recorded 
valence band spectra after each annealing. These spec- 
tra were recorded in the direction of the surface normal 
and the photoelectrons were excited with 81 eV photons. 
As argued in a previous studjsi the cross section of Mn3d 
for this photon energy is large compared to that of the 
GaAs valence band and thus the main peak in the VB 
spectra shown in figure 4 can safely be associated with 
Mn. After the first annealing, at 250°C, a slight general 
increase in intensity is observed. This can be ascribed 
to desorption of the As adlayer. Upon the following an- 
nealings the spectral shapes are rather stable, though it 
is clearly seen that the Mn3d induced peak around 4 eV 
below Ep is gradually modified. More precisely, its ini- 
tial position is 3.7 eV below Ep, but after the 430°C 
annealing the peak occurs at 4.7 eV. Annealing at tem- 
peratures above 460°C results in a dramatic reduction of 
this peak. Comparing figures 2 and 4 one can see that 
the relative reduction of the Mn3d peak at 3.7eV binding 
energy coincides with the upward shift of Ep. The min- 
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FIG. 4: Normal emission valence band spectra from 
Gao.95Mno.05As at different stages of annealing. Photon en- 
ergy 81 eV. 



imum position of the Fermi energy correlates with the 
maximum value of T c , which suggests that the peak at 
3.7 eV is associated with Mn atoms in substitutional po- 
sitions - only these atoms participate in the ferromagnetic 
coupling. Upon annealing the relative amplitude of this 
emission remains approximately constant, but its width 
increases such that the peak position apparently shifts 
towards higher binding energy. The integrated Mn3d in- 
tensity is thus increased. This increase must be ascribed 
to partial outdiffusion of Mn to the surface. In this ki- 
netic energy range of 50-100 eV the spectral contribution 
of a surface layer is typically 30% of the total signal. We 
can thus estimate that the amount of segregated Mn to 
be around 5% of a monolayer. The conclusion of Mn seg- 
regation is consistent with recent studies of (GaMn)As 
capped with thin GaAs layers. It is worth mentioning 
that for such samples we do not see the Mn3d peak shift 
toward higher binding energy after annealing 10 . 

To get a better understanding of the annealing induced 
spectral changes we have applied the same peak fitting 
routine as for the As3d spectra. Since valence band spec- 
tra in general are not composed of a set of symmetrical 
peaks, this analysis is not expected to give a detailed 
physical interpretation of the observed features, but only 
to indicate the qualitative nature of the spectral modifi- 
cations. In this analysis the valence band edge was de- 
scribed by a broadened Fermi function superimposed on 
an exponential background, and the rest of the spectrum 
was fitted with a set of Voigt functions. Two restric- 
tions were applied in the fitting process: the number of 
peaks should be as small as possible and the peak energies 
should be the same in all spectra. Four peaks were needed 
to account for the general shape of the spectra, see figure 
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FIG. 5: A simplified model has been fitted to the experimental 
data for the VB spectra excited by 81eV photons. 

5. Peak A dominates the spectrum from the untreated 
sample and as already mentioned we associate this peak 
with Mn3d states in substitutional sites. We can also 
interpret peak D as emission from the X3 critical point 
in the bulk Brillouin zone. Peak C is clearly enhanced 
with annealing and is ascribed to surface segregated Mn. 
The intermediate component B appears to be quite con- 
stant throughout the set of spectra. At this point we 
cannot suggest any explanation for this peak. There are, 
of course, a number of inequivalent Mn sites which could 
generate a separate peak, e.g. Mn interstitials or Mn in 
substitutional sites in the surface plane. In any case, the 
peak is certainly due to Mn, as the LT-GaAs spectrum 
is quite structureless in this energy range 6 . The shift ob- 
served in figure 4 can thus be interpreted as a result of a 
superposition of at least two spectral components. 



Returning to figure 4, we see that the overall Mn3d in- 
tensity starts to fall above 400°C annealing temperature. 
As mentioned above, the intensity of peak A is clearly re- 
duced above 350° C, but at annealing temperatures above 
430°C the low energy component is also reduced. The 
most dramatic change occurs above 450°C, when the low 
energy component is practically eliminated. Even though 
the Mn vapor pressure is low at these temperaturesii, we 
believe that this reduction is due to evaporation of the 
surface Mn. The reduction of peak A may partly be due 
to outdiffusion and evaporation of substitutional Mn, but 
it may also be caused by phase separation and formation 
of MnAs clustersi^. 

The results presented here show that electronic prop- 
erties of (GaMn)As are sensitive to thermal treatment. 
We find systematic changes in the energy separation be- 
tween the Fermi level and the valence band maximum, 
and observe that the highest Curie temperature is ob- 
tained when this energy separation is small. We also find 
that the Mn3d induced valence band peak appears to 
shift almost 1 eV towards higher binding energies after 
the sample has been annealed. According to the pre- 
sented analysis the shift should rather be described as 
a result of superposition of at least three peaks, whose 
relative intensities change with annealing. These mod- 
ifications indicate that there is some structural change 
in the (GaMn)As samples as they are annealed. The 
peaks are tentatively associated to Mn atoms in substitu- 
tional bulk sites and surface segregated atoms. This sen- 
sitivity to thermal exposure underlines the importance of 
performing the experiment in situ, i.e. avoiding surface 
preparation such as sputtering and annealing. 
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